ABSTRACT: Two proteins from the amidohydrolase superfamily of enzymes were cloned, expressed, and purified to homogeneity. The first protein, Cc0300, was from Caulobacter crescentus CB-15 (Cc0300), while the second one (Sgx9355e) was derived from an environmental DNA sequence originally isolated from the Sargasso Sea (gi|44371129). The catalytic functions and the substrate profiles for the two enzymes were determined with the aid of combinatorial dipeptide libraries. Both enzymes were shown to catalyze the hydrolysis of L-Xaa-L-Xaa dipeptides in which the amino acid at the N-terminus was relatively unimportant. These enzymes were specific for hydrophobic amino acids at the C-terminus. With Cc0300, substrates terminating in isoleucine, leucine, phenylalanine, tyrosine, valine, methionine, and tryptophan were hydrolyzed. The same specificity was observed with Sgx9355e, but this protein was also able to hydrolyze peptides terminating in threonine. Both enzymes were able to hydrolyze N-acetyl and N-formyl derivatives of the hydrophobic amino acids and tripeptides. The best substrates identified for Cc0300 were L-Ala-L-Leu with k cat and k cat /K m values of 37 s -1 and 1.1 Â 10 5 M -1 s -1 , respectively, and N-formyl-L-Tyr with k cat and k cat /K m values of 33 s -1 and 3.9 Â 10 5 M -1 s -1 , respectively. The best substrate identified for Sgx9355e was L-Ala-L-Phe with k cat and k cat /K m values of 0.41 s -1 and 5.8 Â 10 3 M -1 s -1 . The three-dimensional structure of Sgx9355e was determined to a resolution of 2.33 Å with L-methionine bound in the active site. The R-carboxylate of the methionine is ion-paired to His-237 and also hydrogen bonded to the backbone amide groups of Val-201 and Leu-202. The R-amino group of the bound methionine interacts with Asp-328. The structural determinants for substrate recognition were identified and compared with other enzymes in this superfamily that hydrolyze dipeptides with different specificities.
Complete bacterial genomes are now being sequenced at an extraordinary rate (1) . This influx of new information has provided an unprecedented view of the evolutionary relationships that exist among enzymes that recognize different substrates and catalyze diverse functional transformations. The pace for the deposition of new three-dimensional structures in the Protein Data Bank (PDB) 1 has also risen sharply in recent years (2) . However, it is apparent that a significant fraction of the newly sequenced genes have an unknown, uncertain, or incorrect catalytic functional assignment (3) . This reality suggests that a considerable number of new metabolic transformations remain to be elucidated and that the annotation of function from sequence and structural information alone is a challenging problem. Nevertheless, the vast amount of structure and sequence information provides a unique opportunity for the elucidation of the mechanisms for the evolution of new catalytic functions from preexisting structural templates. One approach to the assignment of function for enzymes with an unknown substrate profile is the utilization of enzyme superfamilies. Comprehensive amino acid sequence alignments and three-dimensional structural comparisons can provide valuable insights into the identification of the catalytic and structural motifs that dictate the substrate and reaction profiles (4) . One such superfamily that has proven to be amenable to this approach † This work was supported by the National Institutes of Health (Grants GM71790 and GM74945) and the Hackerman Advanced Research Program (010366-0034-2007).
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is the amidohydrolase superfamily (5, 6) . This superfamily was first identified by Holm and Sander, who recognized the structural and functional relationships among adenosine deaminase, urease, and phosphotriesterase (7) . All enzymes from this superfamily adopt a (β/R) 8 -barrel structural fold with their active sites located at the C-terminal face of the β-barrel (5) . Within the active site is a mono-or binuclear metal center that functions to activate solvent water for nucleophilic attack and/or stabilization of the transition state. Most of the enzymes within this superfamily catalyze the hydrolysis of C-O, C-N, or P-O bonds (5) . However, some members at the periphery of the superfamily catalyze decarboxylation, hydration, and isomerization reactions (8) .
In this paper, we have interrogated the catalytic functions for two enzymes within the amidohydrolase superfamily. The first of these enzymes, Cc0300 from Caulobacter crescentus CB15, is currently annotated by NCBI as an Xaa-Pro dipeptidase. The second enzyme, derived from an environmental DNA sequence isolated from the Sargasso Sea and labeled here as Sgx9355e, is 39% identical in amino acid sequence with Cc0300. We have recently determined the catalytic functions for two other putative Xaa-Pro dipeptidases from C. crescentus, Cc2672 and Cc3125, that are ∼40% identical in sequence to Cc0300 (9) . These two enzymes do not catalyze the hydrolysis of Xaa-Pro dipeptides, but they do catalyze the hydrolysis of L-Xaa-L-Arg/Lys dipeptides; thus, the current functional annotations for these enzymes are incorrect. The X-ray structure of a catalytic homologue to Cc2672 and Cc3125 has unveiled the structural motif responsible for the recognition of the cationic side chains of arginine-and lysine-containing substrates in these enzymes. In Cc0300, this recognition motif is missing, suggesting that the substrate specificity for Cc0300 differs from that determined previously for Cc2672 and Cc3125. The substrate profiles for Cc0300 and Sgx9355e were determined by screening multiple dipeptide libraries containing nearly all possible combinations of L-Xaa-L-Xaa dipeptides made from the 20 common amino acids. The X-ray structure of the methionine-bound form of Sgx9355e has been determined to a resolution of 2.33 Å .
MATERIALS AND METHODS

Materials.
Genomic DNA from C. crescentus CB15 was purchased from American type Culture Collection (ATCC). The synthesis of oligonucleotides and DNA sequencing reactions were performed by the Gene Technology Laboratory of Texas A&M University (College Station, TX). The pET-30a(+) expression vector was obtained from Novagen. T4 DNA ligase and various restriction enzymes were acquired from New England Biolabs. Platinum Pfx DNA polymerase was purchased from Invitrogen. The Wizard Plus SV Mini-Prep DNA purification kit was obtained from Promega. Chromatographic columns and resins were from GE Healthcare. Chelex-100 resin was purchased from Bio-Rad. ICP standards were purchased from Inorganic Ventures Inc. The tripeptides, L-Gly-L-Phe-L-Arg and L-Gly-LAla-L-Tyr, were purchased from Aroz Technologies LLC. NAD and formate dehydrogenase from Candida boidinii were purchased from Sigma. The N-methyl phosphonate derivative of L-leucine was synthesized according to the method described by Xu et al. (10) . The structure of this compound is presented in Chart 1. All other buffers, purification reagents, and other chemicals used in this work were purchased from Sigma-Aldrich, unless otherwise stated.
Synthesis of Dipeptides and Dipeptide Libraries. Syntheses of the L,L-dipeptide libraries were conducted as reported previously (9) . Mass spectrometric analysis (ESI, positive and negative mode) was employed to verify the components of each library. The individual dipeptides L-Ala-L-Leu, L-Ala-L-Phe, and L-Asp-L-Leu were prepared in a manner similar to the synthesis of the dipeptide libraries.
Gene Cloning. Standard molecular cloning techniques were employed throughout (11) . A 1287 bp fragment containing the entire open reading frame of Cc0300 was amplified from the genomic DNA of C. crescentus CB15 using the primer pair 5 0 AGAACTTCCATATGCGTAAATT GATGGCGGG CGCCTGC 3 0 (forward) and 5 0 ACGGAATTCTTACTTGTA GACGACGCCGCCC TTGATGAC 3 0 (reverse). The forward and reverse primers were designed to introduce an NdeI restriction site and an EcoRI restriction site, respectively. The PCR product, purified using a PCR cleanup system (Promega) and digested with NdeI and EcoRI, was ligated into the same sites of expression vector pET-30a(+). The cloned fragment was completely sequenced to verify the fidelity of the PCR amplification. On the basis of the reported sequence of gi|44371129 deduced from a DNA sample originally isolated from the Sargasso Sea, the New York SGX Research Center for Structural Genomics (NYSGXRC, www.nysgxrc.org) cloned and expressed Sgx9355e as a His-tagged protein following codon optimization and gene synthesis by Codon Devices, Inc. (Cambridge, MA). NYSGXRC will make the clone (9355e1BCt10p) available through the Protein Structure Initiative Material Repository (PSI-MR), accessible from the PSI Knowledgebase (http://kb.psi-structuralgenomics.org/KB/psi_resources.html).
Protein Purification. The plasmid for Cc0300 was constructed for expression under control of the IPTG-inducible T7 RNA polymerase. BL21(DE3) Star cells (Novagen) were transformed with the plasmid containing the gene for Cc0300. A single colony was used to inoculate a 5 mL overnight culture of LB medium containing 50 μg/mL kanamycin. The 5 mL overnight culture was then used to inoculate 1.0 L of LB medium containing 50 μg/mL kanamycin. The cells were grown at 30°C and induced by adding IPTG to a final concentration of 0.5 mM when an OD 600 of the culture reached 0.6. Zn(OAc) 2 (1.0 mM) was added to the culture, and the cells were harvested by centrifugation (6000 rpm for 15 min) 14 h after IPTG induction and stored at -80°C. To purify Cc0300, 10 g of frozen cells was thawed and resuspended in 50 mL of 50 mM Hepes (pH 8.0). The cells were disrupted by sonication in an ice bath, and the soluble fraction was isolated by centrifugation. The supernatant solution was treated with 2% (w/v) protamine sulfate to precipitate nucleic acids, which were removed by centrifugation. The supernatant solution was treated with ground ammonium sulfate until 60% saturation. The pellet from the ammonium sulfate fractionation step was dissolved in a minimal volume of 50 mM Hepes (pH 8.0) and then passed through a 0. (12) . For purification of Sgx9355e, Escherichia coli BL21(DE3) Star cells were transformed with the plasmid encoding the gene for Sgx9355e. One liter of LB medium was inoculated with a 5 mL overnight culture. The inoculated culture was grown with agitation at 30°C to an OD 600 of 0.6 and then supplemented with 1.0 mM Zn(OAc) 2 and induced with IPTG at a final concentration of 0.5 mM. The cells were grown at 30°C for an additional 14 h and then harvested by centrifugation (6000 rpm for 15 min). The cell pellet was resuspended in binding buffer [20 mM Hepes (pH 7.9), 0.5 M NaCl, and 5 mM imidazole]. The cells were disrupted by sonication, and the insoluble debris was removed by centrifugation (10000 rpm for 15 min). The clarified cell extract was applied to a 24 mL column of chelating Sepharose Fast Flow resin (Amersham Biosciences) charged with Ni 2+ and preequilibrated with binding buffer. The column was washed thoroughly with 1000 mL of binding buffer until the absorbance of the flow-through at 280 nm did not change. The His-tagged protein, Sgx9355e, was eluted with a linear gradient of elution buffer [10 mM Hepes (pH 7.9), 0.25 M NaCl, and 0.5 M imidazole]. The protein obtained was further purified by application to a Resource Q anion exchange column after the NaCl was removed by dialysis. Sgx9355e was eluted with a linear gradient of NaCl in 20 mM Hepes (pH 8.0). The protein was more than 95% pure as judged by SDS-PAGE analysis.
Amino Acid Sequence Verification. N-Terminal amino acid sequence analysis of the purified Cc0300 was conducted by the Protein Chemistry Laboratory at Texas A&M University. The amino acid sequence obtained for the first eight amino acid residues of Cc0300 was QATFVQAG, which indicates that either the first 23 amino acid residues of the protein were posttranslationally removed via proteolysis or the protein was initially expressed from the 24th amino acid residue of the reported gene sequence.
Metal Analysis. Apo-Sgx9355e was made by incubating the enzyme with 2.0 mM 1,10-phenanthroline for 24 h at 4°C. The chelator was removed by loading the protein/chelator mixture onto a PD-10 column (GE Healthcare) and eluting with 50 mM metal-free Hepes buffer (pH 8.0). The metal-free Hepes buffer was made by passing the sample through a Chelex-100 column to remove possible metal salts present in the buffer. All glassware used for making metal-free buffer was soaked with 10 mM EDTA overnight and then rinsed thoroughly with deionized water. The apo-Sgx9355e was reconstituted with 2 equiv of ZnCl 2 in 50 mM metal-free Hepes (pH 8.0) in the presence of 10 mM potassium bicarbonate. The metal content of as-purified and reconstituted proteins was determined by inductively coupled plasma emission-mass spectrometry (ICP-MS) (13) .
Assay Methods for Peptidase Activity. A modified colorimetric ninhydrin assay method was used to screen the dipeptidase activity of Cc0300 and Sgx9355e (14) . The same method was used to measure the hydrolysis of tripeptides and the hydrolytic activity with N-acetyl-and N-formyl derivatives of L-amino acids. The absorbance at 507 nm was recorded with a SPECTRAmax plate reader from Molecular Devices. Quantitative analysis of the liberated amino acids was conducted by the Protein Chemistry Laboratory at Texas A&M University.
Screening of Dipeptide Libraries. Cc0300 and Sgx9355e were tested for dipeptidase activity with the entire dipeptide library (361 compounds in all). Each dipeptide library consisted of a mixture of dipeptides with an identical L-amino acid at the N-terminus but 19 different amino acids at the C-terminus. L-Cysteine was not included in any of the libraries. Screening of the dipeptide libraries was initiated by mixing a fixed concentration of the dipeptide library (containing each dipeptide at ∼0.1 mM) and various amounts of enzyme over a concentration range of 10-1000 nM. All reactions were conducted in 50 mM Hepes (pH 8.0) in 96-well microplates. The reaction mixtures were incubated at 30°C for a fixed time period and then the reactions quenched by adding the Cd-ninhydrin reagent. The quenched reaction mixtures were incubated for 5 min at 80°C for color development. Control reactions without enzyme or without the dipeptide library were conducted simultaneously. The relative rates were determined by a fit of the data to eq 1
where y is the change in absorbance at 507 nm, x is the concentration of the enzyme, and b is the relative rate constant. In these measurements, the enzyme concentration was varied but the reaction time was fixed. Amino Acid Analysis. The specific amino acids that were released from the dipeptide libraries were quantitatively identified by HPLC. The substrate specificity for either Cc0300 or Sgx9355e was determined by assay with selected dipeptide libraries. The hydrolysis reactions were conducted in 25 mM ammonium bicarbonate buffer (pH 8.0). For each dipeptide library assay, a mixture of 19 dipeptides at ∼0.1 mM was subjected to hydrolysis with variable concentrations of enzyme ranging from 1 to 1000 nM. The identity of the amino acids released from the hydrolysis reactions was determined by amino acid analysis. Two dipeptide libraries (L-Ala-L-Xaa and L-Asp-LXaa) were assayed with Cc0300, and two dipeptide libraries (L-Ala-L-Xaa and L-Gln-L-Xaa) were used in the assays with Sgx9355e. The enzyme and dipeptide library were incubated at 30°C for 14 h in a 96-well microplate, and then the enzyme was removed by being passed through a filter. Quantitative amino acid analysis was conducted after the samples were dried under reduced pressure and reconstituted with water. The relative reaction rates were determined by fitting the change in amino acid concentration as a function of enzyme concentration to eq 1.
and the tripeptide, L-Gly-L-Ala-L-Tyr, were used as substrates for measurement of the kinetic parameters for Cc0300 and Sgx9355e. The kinetic assays were conducted in 50 mM Hepes (pH 8.0), and the products were quantified using the ninhydrin-based assay. The kinetic constants, k cat , K m , and k cat /K m were determined by fitting the initial velocity data to eq 2
where ν is the initial velocity, k cat is the turnover number, E t is the enzyme concentration, A is the substrate concentration, and K m is the Michaelis constant.
Inhibition by a Tetrahedral Analogue. The inhibitory properties of the N-methyl phosphonate derivative of L-leucine (1) with Cc0300 were determined using N-formyl-L-leucine as the substrate. The assays were conducted by monitoring the rate of formate production using a formate dehydrogenase coupling system in the presence of NAD. The reaction was followed spectrophotometrically at 340 nm, using a SPECTRAmax (Molecular Devices) plate reader. All assays were conducted in a 96-well UV plate in a volume of 250 μL. The buffer used in all assays was 50 mM Hepes (pH 8.0). The concentrations of N-formyl-L-leucine and the N-methyl phosphonate derivative of L-leucine were varied in the ranges of 50-200 and 1-100 μM, respectively. For data analysis, the initial rates for substrate hydrolysis in the presence of the inhibitor at different concentrations of the substrate were fitted to eq 3 for competitive inhibition.
where ν is the initial velocity, A is the substrate concentration, I is the inhibitor concentration, k cat is the turnover number, E t is the enzyme concentration, K m is the Michaelis constant for the substrate, and K i is the competitive inhibition constant. Crystallization and Data Collection for Sgx9355e. Crystals of the selenomethionine form of the Sgx9355e protein were grown using the sitting drop vapor diffusion method at 20°C. Equal volumes of protein (10-15 mg/mL) and a solution containing 30% MPD, 0.1 M Hepes, and 0.2 M NaCl (pH 7.0) were mixed and equilibrated against a 800 μL reservoir containing the same precipitant solution. A single crystal was flashfrozen via addition of 20% glycerol to the mother liquor before the crystal was loop mounted. SAD data extending to 2.33 Å were collected at the selenium absorption edge (λ = 0.979 Å ) from a single crystal at liquid nitrogen temperature using the ADSC QUANTUM 315 detector at the National Synchrotron Light Source (NSLS) using beamline X29. X-ray diffraction images were processed with HKL2000, and the data collection statistics are given in Table 1 (15) . The crystals belong to monoclinic space group I4 with the following unit cell dimensions: a = b = 144.9 Å , and c = 101.0 Å (Table 1) . Assuming two molecules of 45781 Da per asymmetric unit, the Matthews coefficient is 2.0 Å 3 /Da, corresponding to an estimated solvent content of 47% by volume of the unit cell.
Structure Determination and Refinement of Sgx9355e. The structure was determined by the single-wavelength anomalous dispersion method. Twenty-two of the possible twenty-four selenium positions in the asymmetric unit were located using SHELXD (16) . These selenium positions were refined and phases calculated with SHARP followed by solvent flattening (17, 18) . The resulting experimental electron density map was of excellent quality and revealed practically all of the secondary structural elements comprising the dimer. The automated model building program ARP/wARP was then used to build the model into the electron density map (19) . This process built ∼87% of each protomeric polypeptide chain, and the remainder of the model was completed using O (20, 21) . The structure was refined with Crystallography and NMR system (CNS) (22) . Cycles of manual rebuilding and structure refinement were continued until the convergence of R and R free . Phasing and refinement statistics are provided in Table 1 . The final model was validated with PROCHECK (23). Atomic coordinates and structure factors have been deposited in the Protein Data Bank (entry 2qs8).
RESULTS
Purification of Cc0300 and Sgx9355e. Cc0300 from C. crecentus was expressed in reasonable quantities after the plasmid containing the gene for this enzyme was transformed in BL21(DE3) Star cells and allowed to grow in an LB medium supplemented with 1.0 mM Zn(OAc) 2 . The enzyme was purified, and SDS-PAGE analysis showed a single protein band which was slightly smaller than the theoretical molecular mass of 44 kDa calculated from the reported gene sequence. N-Terminal protein sequence analysis of purified Cc0300 indicated that the first 23 amino acids were missing. This result indicates that either these residues were lost through proteolysis or this gene has an alternate initiation site. The as-purified protein was found to contain an average of 1.6 equiv of Zn 2+ per subunit. Sgx9355e was purified as a His-tagged protein and was found to contain 0.2 equiv of Zn per subunit. However, the Zn content could be increased to an average of 1.2 equiv per subunit via incubation of apo-Sgx9355e with 2 equiv of ZnCl 2 in the presence of 10 mM bicarbonate overnight.
Crystal Structure of Sgx9355e. The structure of Sgx9355e is shown in Figures 1 and 2 . Within the crystal, the protein occurs as a homo-octamer with a buried surface area of approximately 3759 Å 2 (∼19% of the total surface area) per protein-protein interaction (Figure 1 ). Each subunit consists of two domains, a small predominantly β-stranded domain (residues 7-64 and 379-412) and a large TIM barrel domain (residues 65-370) as presented in Figure 2 . The active site is located at the bottom of the cone-shaped structure of each subunit and is open to solvent. The residues that are expected to bind the two divalent cations are His-69, His-71, His-235, His-255, Lys-194, and Asp-328 based upon the known homology with other members of the amidohydrolase superfamily (5) . The relative orientations of these presumptive metal binding residues are presented in Figure 3 . However, the enzyme crystallized without zinc, and a single magnesium ion was found ligated to the R-metal site. The magnesium is coordinated to His-69, His-71, and Asp-328. Interestingly, methionine, from the crystallization medium, is bound in the active site close to the position normally occupied by the more solvent-exposed β-metal. The R-amino group of the methionine interacts with the side chain carboxylate of Asp-328. The R-carboxylate of the bound methionine is ion paired with His-237 and hydrogen bonded with the backbone amide groups of Val-201 and Ile-202 as illustrated in Figure 4 . The side chain of methionine is found within a pocket formed by the side chains of Thr-277 and Ile-309. Screening of Dipeptide Libraries. To determine the substrate profile of Cc0300 and Sgx9355e, a total of 19 dipeptide libraries were tested for catalytic activity using the Cd-ninhydrinbased assays. The relative preferences for the N-terminal amino acid residue within these dipeptide libraries are depicted in Figure 5 . Cc0300 and Sgx9355e exhibit broad catalytic activity for the hydrolysis of these peptide libraries with different N-termini, but the relative rates of hydrolysis vary from library to library. These two enzymes exhibit relatively high reaction rates with L-Trp-L-Xaa and low reaction rates with L-Ile-L-Xaa and L-Val-L-Xaa. Cc0300 exhibits a higher reaction rate with L-Tyr-L-Xaa and L-His-L-Xaa than Sgx9355e does. Conversely, Sgx9355e exhibits a higher turnover rate with L-Lys-L-Xaa and L-Arg-L-Xaa than Cc0300 does.
Specificity of Cc0300 and Sgx9355e. Quantitative amino acid analysis (AAA) was employed to determine the relative rates of hydrolysis for specific dipeptides within selected dipeptide libraries. Cc0300 was assayed with the L-Ala-L-Xaa and L-Asp-LXaa dipeptide libraries. The amino acid products, detected from 
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Vol. 48, No. 21, 2009 Biochemistry, the reaction mixture of Cc0300 with the L-Ala-L-Xaa library, were limited to alanine, leucine, isoleucine, phenylalanine, tryptophan, methionine, tyrosine, and valine. The amino acid products detected from the hydrolysis reaction using the L-Asp-LXaa library as a substrate were aspartate, leucine, isoleucine, phenylalanine, tryptophan, methionine, tyrosine, and valine. Since alanine and aspartate were detected only when libraries containing these amino acids were at the N-terminus, it can be concluded that the C-terminal specificity of Cc0300 with dipeptides is limited to the hydrophobic amino acid residues leucine, isoleucine, phenylalanine, tryptophan, methionine, tyrosine, and valine. Two libraries, L-Ala-L-Xaa and L-Gln-L-Xaa, were selected for quantitative analysis with Sgx9355e for specificity at the C-terminus. Amino acid analysis showed that the C-terminal specificity of Sgx9355e with these dipeptide substrates is very similar to that found for Cc0300 except that Sgx9355e can hydrolyze dipeptides with threonine at the C-terminus. The relative reaction rates for Cc0300 and Sgx9355e are presented in Figure 6 . The relative rates of hydrolysis for the other dipeptides in these libraries are less than 5% for both Cc0300 and Sgx9355e.
Hydrolysis of N-Substituted Amino Acids and Tripeptides. Cc0300 and Sgx9355e were screened for catalytic activity with N-acetyl-L-Xaa and N-formyl-L-Xaa derivatives. These two enzymes exhibited very similar catalytic specificities with these two types of substituted amino acid derivatives. The hydrolyzed substrates were limited to the N-acetyl and N-formyl derivatives of L-hydrophobic amino acids leucine, isoleucine, phenylalanine, tryptophan, methionine, tyrosine, and valine. Cc0300 and Sgx9355e were also tested with two tripeptides: L-Gly-L-Phe-LArg and L-Gly-L-Ala-L-Tyr. These two enzymes were unable to hydrolyze L-Gly-L-Phe-L-Arg but were able to hydrolyze the
Kinetic Constants for Cc0300 and Sgx9355e. The kinetic constants for Cc0300 were determined using the following
Also tested was the tripeptide L-Gly-L-Ala-L-Tyr. The kinetic data were fit to eq 2, and the values of k cat , K m , and k cat / K m for the hydrolysis of the selected substrates are listed in Table 2 . The turnover numbers ranged from 1.7 s -1 for the hydrolysis of N-acetyl-L-Met to 37 s -1 for the hydrolysis of L-Ala-L-Leu. The kinetic constants for the hydrolysis of selected compounds by Sgx9355e are listed in Table 2 . In general, the kinetic constants, k cat and k cat /K m , for Cc0300 are greater than those measured for Sgx9355e. Inhibition by N-Methyl Phosphonate Derivative (1). Compound 1 was tested as an inhibitor of Cc0300. This compound was found to be a competitive inhibitor of this enzyme when N-formyl-L-leucine was used as the substrate. An inhibition constant of 2.3 ( 0.2 μM was obtained from a fit of the data (not shown) to eq 3.
DISCUSSION
Elucidation of the substrate specificity for any enzyme given the amino acid sequence and/or three-dimensional structure alone is a difficult and demanding problem for most proteins. The rapid sequencing of whole bacterial genomes has provided an explosion of uncharacterized enzymes whose functions cannot be reliably annotated on the basis of a traceable homology to proteins of known function. Our approach to this problem is to address an entire enzyme superfamily simultaneously in an attempt to reveal the evolutionary lineages for the emergence of new catalytic functions and to provide a structural framework for deciphering substrate profiles from the amino acid sequences alone. More than 6000 proteins with unique amino acid sequences have been classified as members of the amidohydrolase superfamily (24) . To date, more than 30 distinct reactions have been shown to be catalyzed by members of this superfamily using amino acid-, carbohydrate-, and nucleic acid-derived substrates (5, 7, 24) .
The substrate specificity for two related enzymes was examined in this investigation. Cc0300 from C. crecentus and Sgx9355e from an unknown bacterium found in the Sargasso Sea are currently annotated as Xaa-Pro dipeptidase in the NCBI. Sequence comparisons have established that both proteins belong to the amidohydrolase superfamily. In this study, the two enzymes were purified to homogeneity and the enzyme from the Sargasso Sea was crystallized and its three-dimensional structure determined. Cc0300 is a zinc metalloprotein, and the active site is likely to be populated by a binuclear metal center, similar to that found previously for urease and phosphotriesterase (25) (26) (27) . In this binuclear metal center, the two metal ions are coordinated by an aspartic acid and four histidine residues. The metal ions are also bridged by a carboxylated lysine residue and a hydroxide from solvent. The structure of Sgx9355e is consistent with this conclusion, but unfortunately, the metal ions were lost during purification and/or crystallization.
The substrate specificities for Cc0300 and Sgx9355e were determined using small libraries of potential dipeptide substrates. Contrary to initial expectations, neither of these enzymes was able to hydrolyze any peptide that contained proline at the C-terminus. However, both enzymes were able to catalyze the hydrolysis of dipeptides that terminated in a hydrophobic amino acid but were not specific for the amino acid at the N-terminus. N-Acetyl and N-formyl derivatives of L-hydrophobic amino acids were hydrolyzed by these two enzymes. Limited experiments with tripeptides demonstrated that hydrophobic amino acids from the C-terminus can be hydrolyzed, and thus, these two enzymes are more accurately classified as carboxypeptidases with a requirement for a hydrophobic amino acid at the C-terminus.
The X-ray structure of Sgx9355e was determined with L-methionine bound in the active site. The positioning of methionine in the active site has identified those amino acid residues that are responsible for the structural determinants of the substrate specificity for this enzyme. In this complex, L-methionine is positioned as the product derived from the hydrolysis of the C-terminal end of an oligopeptide. The R-carboxylate of methionine is ion paired with His-237, a residue that originates from the loop that follows β-strand 5. The R-carboxylate of L-methionine is also hydrogen bonded to the backbone amide groups of Val-201 and Leu-202. The R-amino group of the bound L-methionine interacts with Asp-328. This residue is found at the end of β-strand 8 and is also expected to ligate the divalent metal ion in the M R position. The positioning of the R-amino group of the C-terminally derived amino acid product with Asp-328 is consistent with this residue functioning as a general acid/base catalyst in the transfer of the proton from the bridging hydroxide to the leaving group amine (28) . The side chain of the L-methionine is found in a small pocket that is formed from Thr-277, Ala-302, Val-305, and Ile-309. Thr-277 is found in a very short loop that immediately follows β-strand 7, whereas Ala-302, Val-305, and Ile-309 are found in a pair of helices that follow this loop. All of these residues, with the exception of Ile-309, are conserved in the amino acid sequence of Cc0300. In Cc0300, the isoleucine is substituted with a methionine.
We have previously determined the substrate profile for two other peptidases from C. crecentus, Cc2672 and Cc3125 (9). Cc2672 is specific for the hydrolysis of oligopeptides that terminate in either L-lysine or L-arginine. The specificity of Cc3125 is more restrictive in the sense that only dipeptides (but not longer peptides) that terminate in L-lysine or L-arginine represent productive substrates. In addition to these two proteins, we have determined the structure and substrate specificity of Sgx9359b from the Sargasso Sea (gi|44368820). This enzyme is specific for the hydrolysis of oligopeptides that terminate in L-arginine. The mode of binding of L-arginine to the active site of Sgx9359b is presented in Figure 4B . In this structure, the R-carboxylate is ion paired to His-225 and hydrogen bonded to the backbone amide groups from Val-189 and Met-190. The R-amino group interacts with the R-carboxylate of Asp-315. These residues are homologous to those residues found to interact with L-methionine in the structure of Sgx9355e ( Figure 4A ). As expected, the structural determinants for the recognition of the guanidino group of the bound L-arginine in Sgx9359b are different. The guanidino group is hydrogen bonded with the side chain amide group of Gln-296 and ion paired with the side chain carboxylates of Glu-289 and Asp-265. These residues occupy positions similar to those of three amino acids that define the substrate recognition in Sgx9355e (Ile-309, Ala-302, and Thr-277). A sequence alignment of Sgx9355e, Cc0300, Cc2672, Cc3125, and Sgx9359b is presented in Figure 7 . In this alignment, there are a total of 71 residues that are fully conserved among the five proteins. All six of the amino acids expected to bind to the two divalent cations in the active site are conserved, as is the histidine that ion pairs with the C-terminal carboxylate of peptide substrates. The three enzymes that recognize positively charged amino acids at the C-terminus of potential substrates (Cc2672, Cc3125, and Sgx9359b) have either anionic or highly polar residues at the binding site, indicated by black triangles in Figure 7 . Conversely, the two enzymes that recognize hydrophobic side chains at the C-terminus of potential substrates (Sgx9355e and Cc0300) have less polar amino acids at equivalent positions.
The discovery of function for Cc0300 and Sgx9355e, coupled with the structure elucidation of Sgx9355e with a bound product, permits annotation of other proteins in the amidohydrolase superfamily with greater confidence. A search of the NCBI database of completely sequenced bacterial genomes finds 29 other protein sequences that are now predicted by analogy to hydrolyze short oligopeptides that terminate in hydrophobic amino acids. All of these proteins have a conserved histidine equivalent to His-237, threonine and alanine residues equivalent to Thr-277 and Ala-302, and an isoleucine, methionine, leucine, FIGURE 7: Amino acid sequence comparison for Sgx9355e (gi|44371129), Cc0300 (gi|16124555), Cc2672 (gi|16126907), Cc3125 (gi|16127355), and Sgx9359b (gi|44368820). The predicted metal ligands for the two divalent metal ions are indicated with ovals. Residues in Sgx9355e, and the equivalent residues in Cc0300, that interact with the bound L-methionine are indicated with triangles. Residues in Sgx9359b, and the equivalent residues in Cc2672 and Cc3125, that interact with the bound L-arginine are at equivalent positions. Other fully conserved residues in all five proteins are highlighted in red. The N-terminal residues that are removed via proteolysis during the expression of Cc0300, Cc2672, and Cc3125 are ANA/Q, ASA/A, and AAA/Q, respectively. This figure was produced with ESPript (29) .
